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INTRODUCTION
Anthocyanins (ACNs), together with other flavonoids (FLAs), belong to a large group of diverse secondary metabolites found in almost the entire plant kingdom. They are probably best known for the colors they confer to plant tissues, in particular the red, orange, purple and blue colors of flower petals, fruits and leaves. While the attraction of pollinators is the most obvious function of ACNs in planta, they have also been linked to shielding of abiotic stresses (UV-B radiation, temperature variation and mineral stress) and active defensive roles against pathogens, insects and herbivores (Andersen and Jordheim 2010) . From a human perspective, ACNs have found applications as natural colorants in the food and beverage industry, and the demand for such natural colors is expected to increase (Cortez et al. 2017) . In addition, it is clear that ACNs may also have benefits in human health. Numerous studies are currently being conducted to elucidate their potential health promoting effects, ranging from antioxidant activity, cardiovascular protection, neuroprotection, vision improvement, antidiabetic properties, anti-inflammatory effects, cancer protection through to antimicrobial activity (Pojer et al. 2013) . All ACNs derive from the same plant pathway, but nonetheless make up quite a diverse class of compounds, with complex patterns of glycosylation and acylation. To date, 644 different structure-elucidated , and anthocyanidins (ACD) to anthocyanins (ACN), as well as the deviation via flavan-3-ols (F3O), which was successfully incorporated in E. coli, and the flavonol (FLO) by-products from ANS side activities. ANS: anthocyanidin synthase; A3GT: anthocyanidin-3-O-glycosyl transferase; CHI: chalcone isomerase; CHS: chalcone synthase; C4H: cinnamate-4-hydroxylase; CPR: cytochrome P450 reductase; DFR: dihydroflavonol-4-reductase; F3H: flavanone-3-hydroxylase; F3 H: flavonoid-3 -hydroxylase; F3 5 H: flavonoid-3 ,5 -hydroxylase; LAR: leucoanthocyanidin reductase; PAL: phenylalanine ammonia lyase; 4CL: 4-coumarate-CoA ligase. R1 and R2 of basic structures are either H or OH, depending on hydroxylation of naringenin.
The biosynthesis of ACNs in plants proceeds via the general FLA pathway ( Fig. 1 and Table 1 ). The activated phenylpropanoic acid p-coumaroyl-CoA is produced from the aromatic amino acid phenylalanine by a sequence of three enzymes: phenylalanine ammonia lyase (PAL), cinnamate-4-hydroxylase (C4H) and 4-coumarate-CoA ligase (4CL). Chalcone synthase (CHS) then condenses p-coumaroyl-CoA with three malonyl-CoA extender units and chalcone isomerase (CHI) cyclizes the resulting naringenin chalcone to naringenin (NAR). Flavanone-3-hydroxylase (F3H) catalyzes the hydroxylation of NAR at the 3-position to (Tanaka, Sasaki and Ohmiya 2008) . The three basic ACNs, pelargonidin-3-O-glucoside (P3G), cyanidin-3-O-glucoside (C3G) and delphinidin-3-O-glucoside (D3G) differ by the number of hydroxyl-groups on the B-ring. These hydroxyl-groups are in some cases further O-methylated to yield peonidin, petunidin, malvidin and other less commonly found structures (Davies 2009 ). Further modifications, apart from methylation, include glycosylation at one or more hydroxyl-groups and in some cases further glycosylation and/or acylation of these sugars (Tanaka, Sasaki and Ohmiya 2008; Sasaki et al. 2014) . The most commonly found sugar moieties are glucose, rhamnose, galactose, xylose, arabinose and glucuronic acid. Common acyl groups include the dicarboxylic acid malonic acid, and various hydroxycinnamic acids (p-coumaric-, caffeic-, ferulic-, sinapic-and 3,5-dihydrocinnamic acids), as well as hydroxybenzoic acids (p-hydroxybenzoic-and gallic acids) (Andersen and Jordheim 2010) . Enzymes catalyzing many of these decoration reactions have been discovered (Yonekura-Sakakibara et al. 2009 ).
The specific hydroxylation, methylation, glycosylation and acylation pattern of ACNs are important features with respect to their use as natural colorants in foods and beverages, since it determines the particular properties of each molecule (YonekuraSakakibara et al. 2009; Andersen and Jordheim 2010; Sasaki et al. 2014) . However, the typical content of ACNs in plants consists of many different molecules at various ratios. Unfortunately, some of the more stable and intensely colored compounds are often not the most abundant ones in the mix (Wu et al. 2006; Hidalgo and Almajano 2017) . That has an impact on the industrial applications of these colors, and may add to the cost of extraction and purification. It also complicates the choice of raw material, having to consider not only the total ACN content but also the overall ACN profile of any particular species. To further complicate matters the ACN content may vary according to growth conditions, and in most species the ACNs only accumulate in specific tissues such as in the skin of grapes and other berries. Therefore, in order to strike a balance between quality and quantity, some of the more commonly used raw materials include more bulky vegetables like purple sweet potato, black carrots and red radish, all of which contain some of the more stable acylated ACNs (Downey, Dokoozlian and Krstic 2006; Davies 2009; Zha and Koffas 2017) . That, in turn, adds some societal considerations to the equation, in terms of the use of arable land, water, and other resources to grow these crops. All of these factors make the production of ACNs by fermentation of microorganisms an attractive alternative option to consider.
Since the first report of NAR production in E. coli (Hwang et al. 2003) , there have been many studies on heterologous production of FLAs using unicellular hosts, particularly E. coli and S. cerevisiae excellently reviewed by Pandey et al. (2016) . Regarding ACNs, a series of studies investigated conversion of FLA precursors to several glycosylated, methylated or acylated ACNs by engineered E. coli (Zha and Koffas 2017) . While the production of C3G from flavan-3-ol (F3O) precursors reached up to 350 mg L −1 , the production from FLVs never exceeded 2.07 mg L −1 of C3G Chemler and Koffas 2008; Yan, Li and Koffas 2008; Lim et al. 2015; Cress et al. 2017) . Several factors may contribute to this limitation, including the increased metabolic burden of expressing an extended pathway (Jones et al. 2017) , which on top includes a potentially rate limiting DFR , and comprises the intermediate leucoanthocyanidin.
More recently, production of up to 9.5 mg L −1 P3G from glucose was shown by a synthetic polyculture approach of four engineered E. coli strains, each optimized for expression of a module of the complete pathway (Jones et al. 2017) . This strategy circumvents the leucoanthocyanidin intermediate, and distributes the metabolic burden of the biosynthesis on several individual host strains. However, Saccharomyces cerevisiae is often regarded as the better host organism for heterologous production of ACNs because the full length pathways to most ACN structures require the action of multiple plant CYP enzymes, which are normally difficult to express in bacterial hosts (Kim et al. 2011) . In addition, the use of a single host cell, as compared to co-cultivation, would limit energy requiring exchange of intermediates between cells, as well as increase the local intracellular concentration of substrate available to the next pathway enzyme. The aim of the current study was therefore to reconstruct, in a single yeast cell, the full length biosynthetic pathway to each of the three basic anthocyanins, and to evaluate this host for production of this class of molecules.
MATERIALS & METHODS

Chemicals
Chemicals, including authentic reference compounds, were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) unless stated otherwise. Authentic reference compounds of CYA, C3G, DEL, D3G, M3G, PEL and P3G were purchased from Extrasynthese (Genay, France). Authentic standards of DHK and GAL were purchased from PlantMetaChem (Giessen, Germany) and Toronto Research Chemicals (North York, Canada), respectively. AFZ was kindly provided by Dr. Stefan Martens (Fondazione Edmund Mach, San Michele all'Adige, Italy).
Strains, media, plasmids and enzymes
Subcloning of genes was performed in E. coli XL10 Gold cells (Agilent, Santa Clara, California, USA) cells. The enzymes used in this study, and the vector backbones into which the coding sequences were cloned, can be found in Table S1 (Supporting Information). Plasmids pDHC1 to pDHC5 are described in our previous work . MdDFR was obtained by PCR from first strand cDNA, which was synthesized with the Mint-2 cDNA synthesis kit (Evrogen, Moscow, Russia) from an RNA preparation of M. x domestica var. Golden Delicious apple peel performed with the RNeasy kit (Qiagen, Venlo, Netherlands). An overlap extension PCR strategy using standard protocols (Heckman and Pease 2007) was used to remove two internal HindIII sites with silent point mutations using primers AcnPR1 to AcnPR6 (Table S2 , Supporting Information). All other genes were codon optimized for expression in S. cerevisiae and synthesized by GeneArt (ThermoFisher, Waltham, Massachusetts, USA). During PCR or synthesis, all genes were provided with a HindIII restriction site and an AAA Kozak sequence at the 5 end and a SacII restriction site at the 3 end. Coding sequences of genes were cloned into yeast expression cassettes of pEVE2176 to pEVE2181 (Table S3 , Supporting Information) for assembly of pathways by in vivo homologous recombination (see next paragraph), or into pEVE2164, a yeast expression plasmid based on the pRS series of shuttle plasmids (Sikorski and Hieter 1989) , using restriction enzymes HindIII HF and SacII, and a T4 DNA ligase (all from New England Biolabs, Ipswich, Massachusetts, USA) according to standard protocols (Green and Sambrook 2012) . Escherichia coli was cultured in LB medium 
Assembly of gene expression cassettes on multi-expression plasmids or by integration into the genome by homologous recombination tags
Multi-gene expression plasmids were prepared in yeast by in vivo homologous recombination of DNA fragments, each amplified and excised by restriction digest from standard bacterial plasmids, as described earlier . Briefly, all DNA fragments were flanked by 60 base pair so-called homologous recombination tags (HRT), designed such that the 3 -end HRT of one fragment would be identical to the 5 -end HRT of the next fragment. Furthermore, the DNA fragments were all nested between AscI restriction sites for easy release from the bacterial plasmid backbone. Genes of interest, codon optimized for expression in yeast, were cloned into DNA fragments carrying expression cassettes, comprising yeast promoters and terminators. Two DNA helper fragments contained either the yeast ARS4/CEN6 elements for replication and segregation, or a yeast auxotrophic selection marker, respectively. Finally one variable linker DNA fragment contained the 3 -HRT of the last fragment to be assembled together with the 5 -HRT of the first fragment, thus closing the in vivo assembled yeast plasmid. Prior to transformation of yeast, the DNA fragments were released from their plasmid backbones via the flanking AscI restriction sites in a single tube digest. With no further purification, the reaction mix was used for transformation, and the HRTs flanking each fragment directed plasmid self-assembly. For integration of expression cassettes into the yeast genome the method was slightly adapted. The autonomous replication signal (ARS) was omitted, and instead the two helper fragments would contain homologous sequences for integration into the genome and a selection marker nested between two LoxP sites. Additionally, the amount of DNA was scaled up by a factor of three compared to assembly of multi-expression plasmids in order to increase integration efficiency. All strains constructed in this work can be found in Table S4 , Supporting Information.
Yeast batch culture conditions and extraction of compounds produced
For compound analysis, cultures of yeast strains were prepared in 96 well, 1.1 mL deep well plates (DWP) with the System Duetz (EnzyScreen, Heemstede, Netherlands) at 30 • C, 5 cm shaking diameter, and 300 rpm. Precultures were grown for 24 h from single colonies in 300 μL SC dropout medium, as required for selection of plasmids. Main cultures were inoculated in 300 μL of the same medium to a 1:100 dilution of the preculture. After 72 h all cultures had reached essentially the same final density, as measured by optical density at 600 nm. Based on previous inhouse observations all compounds of interest were assumed to be located both intra-and extracellular (data not shown), and concentrations were calculated based on extraction of total culture volumes. For extraction and stabilization of compounds, 150 μL culture broth was mixed with 150 μL acidified methanol (1% hydrochloric acid) and incubated for 10 min in a 96 well DWP at 30
• C, 5 cm shaking diameter, and 300 rpm and subsequently clarified by centrifugation at 4000 g for 5 min.
Quantification of compounds by ultra-performance liquid chromatography-mass spectrometry
For quantification of compounds, a calibration curve with authentic standards ranging from 0.02 mg L −1 to 4 mg L −1 was injected along with clarified broth extracts. Generally, extracts were diluted with 50% methanol 0.5% hydrochloric acid to be within the range of the calibration curve. 1 μL was injected on a Waters Acquity ultra-performance liquid chromatography system coupled to a Waters Xevo G2 XS Tof mass detector (Milford, Massachusetts, USA). Compounds were separated on a Waters Acquity UPLC R BEH C18 column (1.7 μm, 2.1 mm × 50 mm) kept at 55
• C. Mobile phases were water, 0.1% formic acid (A) and acetonitrile, 0.1% formic acid (B). A flow of 0.6 mL min −1 was used.
The gradient profile was as follows: 0.3 min constant at 10% B, a linear gradient from 10% B to 25% B in 3.7 min, a second linear gradient from 25% B to 100% B in 1 min, a wash for 1 min at 100% B, and back to the initial condition of 10% B for 0.6 min. The mass analyzer was equipped with an electrospray source and operated in positive mode for quantification of ACNs and in negative mode for all other compounds. Capillary voltage was 2.0 kV and 1.0 kV for positive and negative mode, respectively; the source was kept at 150
• C and the desolvation temperature was 500
• C. Desolvation and cone gas flow were 1000 L h 
RESULTS
Pathway to NAR and hydroxylation of the B and C rings
The de novo production of NAR in S. cerevisiae has been described recently, reaching titers of over 200 mg L −1 (Koopman et al. 2012; Lehka et al. 2017) . In this work, a previously identified pathway to NAR was used, comprising Arabidopsis thaliana PAL2, Ammi majus C4H, S. cerevisiae CPR1, A. thaliana 4CL2, Hypericum androsaemum CHS and Medicago sativa CHI Lehka et al. 2017) . These genes were integrated into the genome of strain BG at site XI-3 (Mikkelsen et al. 2012 ) using the HRT technology, resulting in strain NAR1. NAR1 was grown in deepwell microplates (DWP) and production of FLAs was quantified by UPLC-MS. Besides producing 61 ± 3 mg L −1 of NAR, this strain also accumulated 82 ± 5 mg L −1 of phloretic acid, a by-product arising from double bond reduction of the intermediate p-coumaroyl-CoA by the native ScTsc13 enzyme . We deemed NAR production to be high enough for using this strain as basis for exploring the ACN pathway.
One of the differentiating features of ACNs and FLAs, in general, is the number of hydroxylations of the B-ring structure. In the case of ACNs, this has a major impact on color and stability of the molecule (Yonekura-Sakakibara et al. 2009 ). While the first hydroxyl group is derived from the polyketide starter unit p-coumaric acid, the second and third hydroxylation is normally performed on either the FLV or the DHF backbone by a group of regiospecific CYP enzymes called F3 H or F3 5 H. They belong to the same CYP75 family, with F3 H grouped into subfamily 75B and most F3 5 H grouped into subfamily 75A (Seitz et al. 2015) . Three F3 H from Vitis vinifera (Bogs et al. 2006) , Petunia x hybrida (Brugliera et al. 1999) and Oryza sativa subsp. japonica (Shih et al. 2008) and five F3 5 H from Catharanthus roseus (Kaltenbach et al. 1999) , P. x hybrida (Holton et al. 1993) , Osteospermum hybrid cultivar (Seitz et al. 2006) , Solanum lycopersicum (Olsen et al. 2000) and Cichorium intybus (Seitz et al. 2015) were selected and tested for their ability to hydroxylate NAR in vivo. The genes were introduced into strain NAR1 on an HRT plasmid comprising each of the CYPs together with the CYP reductase (CPR) gene AtCPR1 from A. thaliana. This reductase has previously been shown to work well with other plant CYP enzymes (Mizutani and Ohta 1998) . The resulting clones were grown in DWP and cultures were analyzed for production of NAR, the 3 -hydroxylated product ERI, and the 3 5 -hydroxylated product PHF. The identity of PHF was inferred only from the calculated mass and the product was not absolutely quantified, since we were unable to find a supplier of a reference compound (Fig. 2a) . Both PhF3 H and OsF3 H showed essentially complete conversion of NAR to ERI, while PhF3 5 H, OhF3 5 H, SlF3 5 H and CiF3 5 H almost exclusively produced PHF. Strains ERI2 and PHF4, expressing PhF3 H and SlF3 5 H, respectively, were chosen for further pathway construction.
The next biosynthetic step in the ACN pathway involves hydroxylation of the C-ring at the 3 position, converting FLVs to DHFs. This hydroxylation is catalyzed by F3H, which is a 2ODD enzyme (Martens, Preuß and Matern 2010) . Three F3H enzymes from Fragaria x ananassa (Almeida et al. 2007) , Malus x domestica (Davies 1993) and Nicotiana tabacum (GenBank; direct submission) were compared for their efficiency at hydroxylating NAR in yeast. Hence, they were expressed on an HRT plasmid in the NAR producing strain NAR1 and production of FLAs was quantified. All three enzymes showed essentially complete conversion of NAR to DHK (Fig. 2b) . MdF3H, which was previously used in E. coli for the production of ACNs Yan, Li and Koffas 2008) , was chosen for further pathway construction.
DFRs are efficient in the biosynthetic pathways to flavan-3-ols
The next reaction towards ACNs is catalyzed by DFR, which reduces the 4-ketogroup of DHFs to form the corresponding LCDs. DFRs can have a significant influence on flower color by exhibiting different substrate preferences for DHFs with different hydroxylation patterns on the B-ring (Forkmann and Heller 1999) . While many DFRs catalyze the reduction of all three major DHFs, DFRs from certain species such as Petunia or Cymbidium hybrida do not accept DHK and these plants therefore do not accumulate PEL-type ACNs (Johnson et al. 2001; Xie et al. 2004) . LCDs, the products of DFR, as well as ACDs, the products of the next step in the ACN pathway, are both chemically unstable (Stafford and Lester 1984; Nakajima et al. 2001) . Therefore, we decided to deviate from the linear ACN pathway and instead direct it towards the more stable flavan-3-ols (F3O), in order to test the efficiency and substrate preference of DFR enzymes. Leucoanthocyanidin reductase (LAR) catalyzes the removal of the 4-hydroxygroup of LCDs to form the corresponding F3Os (Tanner et al. 2003) . We tested the ability of five different DFR enzymes to drive F3O production by co-expressing an LAR enzyme from V. vinifera with activity on all three basic LCDs (Maugé et al. 2010) . Two DFR enzymes, from Anthurium andraeanum (Leonard et al. 2008) and from M. x domestica (Fischer et al. 2003) , were chosen for their reported activity on DHK. Additionally, we selected three other DFRs, with reported activity on DHQ or DHM, from A. thaliana (Leonard et al. 2008) , Populus trichocarpa and Iris hollandica (Katsumoto et al. 2007) .
In order to test these DFRs, we used strains NAR2, ERI2 and PHF4, producing NAR, ERI or PHF, respectively. Strain NAR2 was obtained by transforming the NAR1 strain with an empty plasmid harboring the same LEU2 auxotrophic marker that was used to create the ERI and PHF strains. The three strains were transformed with a second HRT plasmid containing MdF3H and VvLAR in combination with one of the five DFR genes, or no DFR as negative control. All resulting strains were grown and analyzed for the production of FLAs (Fig. 3) . DHK was accepted by four of the five enzymes with varying efficiency. Besides the previously reported AaDFR and MdDFR, also AtDFR and PtDFR accepted DHK, resulting in afzelechin (AFZ) production. AaDFR gave the highest AFZ titer and was therefore chosen for further pathway construction towards P3G. All DFRs tested resulted in similar titers of catechin (CAT) and gallocatechin (GAL), except for IhDFR, which had a lower efficiency on DHQ, as was previously reported (Katsumoto et al. 2007 ). For pathway construction towards C3G we chose PtDFR, giving the highest CAT titer, while for D3G we selected IhDFR, as it was most specific for reducing DHM.
Biosynthesis of ACNs and testing of A3GTs
Having established efficient pathways to all three F3Os, we attempted to complete the heterologous pathway to ACNs. ANS catalyzes the oxidation of LCDs, resulting in the unstable ACD intermediates, which are then stabilized by glycosylation of the 3-OH position by A3GT. In vitro, ANS was previously shown to oxidize LCDs to mainly FLOs, probably through a second oxidation on the C-4, with ACDs being only a minor product (Turnbull et al. 2003) . When DHFs were used as substrate, ANS exhibited flavonol synthase (FLS) activity, resulting in FLO production (Turnbull et al. 2000) . Furthermore, it was shown that ACDs can result from oxidation of F3Os by ANS in vitro. When A3GT was co-expressed with ANS, the product profile profoundly shifted from F3O dimers towards ACNs (Wellmann et al. 2006) . Similarly, when the pathway from FLVs to ACNs was reconstituted in E. coli, presence of efficient A3GT activity was crucial for accumulation of ACNs (Yan, Li and Koffas 2008) .
For the above reasons, we first concentrated on testing a collection of nine A3GTs from various plant origins for production of the three core ACNs, hoping they would stabilize the unstable ACD intermediates. Sequences were derived from Oryza sativa subsp. japonica (Ko et al. 2008) , Gentiana triflora (Tanaka et al. 1996; Ueyama et al. 2002) , P. x hybrida (Yamazaki et al. 2002) , A. thaliana (Lim et al. 2004) , F. x ananassa (Almeida et al. 2007; Griesser et al. 2008) , V. vinifera (Ford, Boss and Høj 1998) and Dianthus caryophyllus (Ogata et al. 2004) . In order to have a stable expression system for these experiments, we performed a second integration in strain NAR1 at integration site XI-2 (Mikkelsen et al. 2012) , completing the pathways to the ACDs PEL, CYA, and DEL. All three pathways included the MdF3H and PhANS, both of which had previously been used for reconstitution of ACN pathways in E. coli Yan, Li and Koffas 2008) . Additionally, the pathways contained the best DFR for each hydroxylation pattern (AaDFR for PEL, PtDFR for CYA, and IhDFR for DEL), and AtCPR1 together with PhF3 H or SlF3 5 H for CYA and DEL, respectively. HRT technology was used to integrate these genes into NAR1, resulting in strains PEL1, CYA1, and DEL1. The A3GTs were then introduced on single copy expression plasmids and resulting strains were analyzed for production of ACNs (Fig. 4) . ACDs were not quantified, due to their instability. The choice of A3GT had a big influence on accumulation of the ACNs, with DcA3GT giving the highest titer of 0.85 ± 0.12 mg L −1 for P3G, and FaA3GT2 being most efficient for C3G and D3G, yielding 1.55 ± 0.08 mg L −1 and 1.86 ± 0.11 mg L −1 , respectively. Besides production of ACNs,
we also observed accumulation in all strains of DHFs, FLOs, and flavonol-3-O-glucosides (F3Gs) above the linear range of our calibration curve.
Production of FLOs is a common trait of ANS enzymes in yeast
Our yeast strains, engineered for production of ACNs, accumulated high amounts of DHF and FLO by-products. In order to test, whether this is a specific effect of PhANS used in the pathways, or whether this is a more general trait of all ANS enzymes, we tested a collection of 14 ANS originating from a wide range of plants (Ipomoea nil (GenBank; direct submission), Gerbera x hybrida (Wellmann et al. 2006) , M. x domestica (Honda et al. 2002) , P. x hybrida (Weiss et al. 1993) , F. x ananassa (Almeida et al. 2007) , Pyrus communis (Fischer et al. 2007) , Ipomoea batatas (Liu et al. 2010) , Solanum tuberosum (GenBank; direct submission), Magnolia sprengeri (Shi et al. 2015) , Ginkgo biloba (Xu et al. 2008) , Zea mays (Menssen et al. 1990) , A. thaliana (Pelletier, Murrell and Shirley 1997) , Oryza sativa subsp. Indica (Reddy et al. 2007) and Allium cepa (Kim et al. 2004) . Strains NAR2, ERI2 and PHF4, producing either NAR, ERI, or PHF, respectively, were provided with a second HRT plasmid, containing MdF3H, the best DFR (AaDFR for P3G, PtDFR for C3G, and IhDFR for D3G) and A3GT (DcA3GT for P3G, FaA3GT2 for C3G and D3G) for each hydroxylation pattern, and one of the 14 different ANS or an empty expression cassette as negative control. Production of ACNs and FLO by-products was quantified for the resulting strains (Fig. 5 ). This revealed some ANS dependent variation in the production of ACNs. However, even with the better enzymes we saw an increase of only about two fold compared to the PhANS used previously. On the other hand, differences in the production of FLO by-products were more distinct. Most ANS tested resulted in FLO or F3G by-product formation roughly two orders of magnitude higher than ACN production. However some ANS, mainly MsANS and GbANS, resulted in accumulation of DHF intermediates instead of FLO by-products.
In vivo FLO production by ANS in yeast
In order to better understand the formation of FLO by-products in yeast, we investigated in more detail whether this was a result of FLS activity of ANS on DHFs, or due to a second oxidation of the flav-2-en-3,4-diol intermediate derived from LCDs. Both have been proposed for in vitro reactions with ANS (Turnbull et al., 2000 (Turnbull et al., , 2003 . Additionally, ANS has been shown to catalyze also oxidation of F3Os to ACDs in vitro (Wellmann et al. 2006) . Based on this observation Yan and coworkers added an LAR to the heterologous ACN pathway in E. coli, resulting in a boost of ACN production (Yan, Li and Koffas 2008) . In order to address these observations, we created both partial and extended pathways to the three ACNs. We constructed the best pathways, corresponding to each of the three hydroxylation patterns, consisting of MdF3H, the best DFR and A3GT as above, and the best ANS (MdANS for C3G, and PcANS for P3G and D3G). For each of those three hydroxylation patterns we assembled three pathways of different length on a second HRT plasmid in strains NAR2, ERI2 and PHF4: first the linear full length ACN pathway as control, second the same pathway but without DFR, and third the full length pathway with addition of VvLAR. The aim of this setup was to provide some more information about the in vivo substrate preference of ANS. The nine resulting strains were cultivated and production of ACNs and FLO by-products was quantified (Fig. 6 ). When leaving out DFR, accumulation of FLO and F3G was drastically reduced, indicating low affinity of ANS for DHFs. Addition of VvLAR to the pathways did not result in any increase in ACN production, unlike what was found in E. coli (Yan, Li and Koffas 2008) . While the reported increase in E. coli was about 10%, our observation here would suggest that in yeast F3Os are not accepted as substrate by ANS. This was further supported by the fact that when feeding F3Os to strains expressing ANS and A3GT enzymes, no conversion to ACNs was observed (data not shown).
DISCUSSION
We report here the successful reconstitution of the full pathways to P3G, C3G and D3G in S. cerevisiae. This marks the first time ACNs are synthesized from glucose in a single microorganism. The titers achieved are lower than what was previously reported for P3G in E. coli polyculture (Jones et al. 2017) . However, the yeast strain used in our study has not yet been specifically optimized for providing the relevant precursors, e.g. phenylalanine or acetyl-and malonyl-CoA, nor have we performed any extensive optimization of culturing conditions. Given the versatility of yeast, and its amenability to engineering (Nielsen 2015) , we expect that current titers could be substantially improved. Despite the fact that process development for scale-up and production will not be trivial, we believe the current results at least demonstrate the potential for efficient ACN production in yeast. In particular, the efficient hydroxylation of NAR by F3 H and F3 5 H demonstrates the superior ability of S. cerevisiae to functionally express plant CYPs. The titer of 152 ± 10 mg L −1
of ERI from glucose achieved here is within the same order of magnitude as the highest titers reported in E. coli by precursor feeding of phenylalanine (107 mg L −1 ) (Zhu et al. 2014) or caffeic acid (150 mg L −1 ) (Fowler, Gikandi and Koffas 2009 ) and exceeds previously reported titers (6.5 mg L −1 ) for de novo biosynthesis in S. cerevisiae (Yan, Kohli and Koffas 2005) . Heterologous production of PHF has to the best of our knowledge not been reported in microorganisms. It has been suggested that DFR might represent a rate limiting step in the ACN pathway (Rosati et al. 1997; Yan, Li and Koffas 2008; Huang et al. 2012 ). Here, we tested the activity of DFR indirectly, by branching off the pathway towards F3Os by including an LAR enzyme. Some DFRs resulted in almost complete conversion of DHFs to F3Os via the instable LCD intermediate, demonstrating a high catalytic activity of both enzymes. Compared to our results, previously reported titers of F30s are about one order of magnitude higher, although this was achieved by feeding with ERI . For AFZ we show more than triple the recently reported titers for de novo biosynthesis (26.1 mg L −1 ), obtained in a co-culture system of three engineered E. coli strains (Jones et al. 2017) . For both CAT and GAL, we believe the heterologous biosynthesis from glucose has not been reported before. Hence, these results provide new information, which could be used in the study of proanthocyanidins, for which F3Os are the precursors. Proanthocyanidins, are the most commonly consumed tannins in the American diet and have been linked to a large number of health benefits (Aron and Kennedy 2008) . However, the polymerization mechanisms of these compounds are still not entirely clear, and production of the various precursors in yeast may facilitate the further study of these mechanisms. A remaining obstacle in the production of ACNs in yeast is the observed accumulation of FLOs and their glycosides. Our results indicate that these by-products may be the result of ANS performing a second oxidation of LCD, the preferred substrate, via a flav-2-en-3,4-diol intermediate as has previously been suggested by in vitro experiments (Turnbull et al. 2003) . A direct FLSlike activity of ANS on DHFs was much less pronounced. For commercial scale production of ACNs, such by-product formation is obviously an issue, as it results in carbon loss. One way to circumvent the issue was recently demonstrated by Jones and co-workers who used a polyculture of E. coli, in which one strain produces a F3O substrate, in turn used by a second strain to produce P3G (Jones et al. 2017) . By this strategy, the ANS enzyme does not encounter the LCD substrate, and in E. coli ANS is able to convert F3Os to ACDs. In our experiments, adding LAR to the full length pathway did not give any increase in ACN, and we failed to produce ACN when a strain, only expressing ANS and A3GT, was fed with CAT (data not shown). A complete lack of ability by yeast to take up CAT cannot be ruled out, but we find this unlikely when comparing to similar FLAs that are readily taken up. Hence, we rather interpret the results as the inability of ANS to use this substrate in yeast. An alternative strategy would be engineering of ANS, by random or rational mutagenesis, to prevent the second oxidation cycle, e.g. by direct interference with the catalytic site or by forcing early release of the substrate. For any such approach, a screening assay would be able to take advantage of the color development correlated to the production of ACNs.
In light of the observed ANS activity, it remains an intriguing question how ACN biosynthesis occurs in plants. As already mentioned, the predominant products of ANS, in in vitro experiments, and in both E. coli and S. cerevisiae, are the FLOs and F3Gs (Turnbull et al. 2003; Yan, Li and Koffas 2008) . But, although ANS has been shown to produce small amounts of FLOs in plants, its main function in vivo is the production of ACNs (Owens et al. 2008; Stracke et al. 2009 ). One hypothesis is that plants achieve this by organizing the ACN biosynthetic enzymes in a metabolon, something which has already been suggested for the early FLA pathway (Burbulis and WinkelShirley 1999; Crosby et al. 2011; Laursen, Møller and Bassard 2015) . While ANS and A3GT have not been shown to interact directly with each other, the formation of a metabolon might allow channeling of the flav-2-en-3,4-diol intermediate to A3GT, thereby forming the more stable glycoside (Nakajima et al. 2001; Turnbull et al. 2003) .
Another hypothesis is linked to the transport of ACNs in plants, where these compounds accumulate in the vacuole. Such transport would exert a pulling effect on the pathway, by creating a sink for the end products, and by allowing them to accumulate in a stabilizing environment. Presumably, the lack of proper anthocyanin transport and storage in yeast would be associated with some disadvantage with regard to ACN production. In plants, both the vacuolar pH and the presence of copigments may play a role in the stability and color of the ACNs (Zhao and Dixon 2010; Passeri, Koes and Quattrocchio 2016) . In various plants, transporters belonging to the ABC or MATE families have been suggested to be responsible for this accumulation. ABC transporters use the energy of ATP hydrolysis and seem to be dependent on co-transport of glutathione, while MATE transporters use a proton gradient as driving force (Marinova et al. 2007; Zhao and Dixon 2010; Francisco et al. 2013; Zhao 2015) . By binding to ACNs, glutathione-S-transferases (GSTs) have been suggested as carrier proteins, which present the ACNs to the transporters (Mueller et al. 2000; Sun, Li and Huang 2012) . Plants mutated in transporters or GSTs were shown to accumulate only a fraction of the ACNs compared to the wild type, and therefore vacuolar transport of ACNs is thought to be essential for their production in plants (Alfenito et al. 1998; Goodman, Casati and Walbot 2004; Kitamura, Shikazono and Tanaka 2004; Yamazaki et al. 2008; Sun, Li and Huang 2012; Kitamura, Oono and Narumi 2016) . However, it is still a matter of debate how these different transport systems may interact and complement each other (Zhao 2015) . Reconstitution of plant transporter systems in a simpler, unicellular host may facilitate the study of their individual parts, and help shed more light on the interplay between these components. In this respect, S. cerevisiae would be a good choice of host, and the activity of several plant ACN transporters have already been studied in yeast microsomal fractions. Understanding, and being able to exploit, such transport systems may eventually prove conducive to efficient production of ACNs in microorganisms.
In summary, yeast was engineered for the production of the three main ACNs, P3G, C3G and D3G from glucose. For most enzymatic steps in the biosynthesis, efficient enzymes were sourced from a variety of plants. However, ANS was confirmed to present a major obstacle to improving ACN titers, due to the inherent FLO by-product formation when expressed ex planta. This problem will obviously have to be solved before any commercial production can be realized. However, the current study provides a set of basic tools for going down that route, and eventually developing S. cerevisiae as an alternative host for efficient and sustainable production of ACNs and related FLAs.
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